Successful isolation of azotobacter phages from soil samples was accomplished by using a m o d i f i e d Burk's nitrogen-free medium with sucrose as the carbon source.
INTRODUCTION
A bacteriophage for certain strains of the genus Azotobacter designated A. vimh d i i was originally isolated and characterized by Monsour (1954) ' Monsour, Wyss & Kellogg (1955) and Kellogg (1957). Since plaques were not observed with the non-pigmented strains of A . agilis or strains of A. chroococmm (Monsour et al. 1955) , the securing of additional phages appeared desirable since they would serve as a supplementary tool in the study of ecology and mutations in these organisms and would be an aid in the species designation of this genus. In addition, most of our present information regarding the bacteriophages has resulted from investigations mainly on the coli phages. Further characterization of additional bacteriophages and phage host systems would aid in confirming and generalizing phenomena already postulated, or might lead to new developments. The azotobacters are especially suited to such an investigation because of their many unique characteristics. They I s o U h of phage from soil. One-litre flasks containing 50 ml. Nf medium with 0.5 % (w/v) sucrose as carbon source were seeded with 1.0 g. soil and incubated on a shaker at 88' for 4 days. At this time, the contents of the flask were cladled by centrifugation, passed through a membrane filter (Millipore, 047mm.) and assayed for phage by the double agar layer technique. The indicator strain for the phage assays was Azotobcrcter h e l a d i i 0.
Pkge asagj. Phage dilutions were made in Nf medium minus carbon source, and plaque counts were made by the overlay method (Adams, 1950) modified by Kellogg (1957) for use with azotobacter phage. Approximately 85 ml. Nf medium containing 1.8 % agar (w/v) were used for the base layer, and 2.0 ml. containing 0.5 % (w/v) agar were used for the semisolid agar layer that contained the mixture of the suspension of bacteria and phage. Unless otherwise stated, both layers of media contained sucrose at a fmal concentration of 0.5% (w/v) . Incubation was at 88' for 24 hr. or until satisfactory plaque formation was observed (the plates were not inverted).
Ppepcrath of indicator &rain. The strain used for the background growth was grown in 15 ml. volumes of Nf medium containing 0.5 yo (wlv) sucrose and incubated at 88' on a shaker for 12-18 hr. After growth, the culture was centrifuged at mom temperature, the organisms washed, resuspended in de-ionized water and adjusted to a turbidity reading of 85 units on a KlettSummerson photoelectric colorimeter (blue filter). Unless otherwise stated, Axodobacter uidandii 0 was used as the indicator strain. P~~p t~g a t h ofphage. For the preparation of stock phage, phages were grown using Amtobwtm pinelarrdii 0 as the propagating strain. Organisms were grown in litre flasks containing 100 ml. Nf medium+04 % (wlv) sucrose. Incubation was on a shaker at 88' until a turbidity reading of 85 units on the KlettSummerson photoelectric colorimeter (blue filter) was obtained. This turbidity represented 8 x 10' viable organisms/ml. Phages were added to the organisms at a 1 : 1 ratio of phagcorganism, and the organism+phage mixture allowed to remain static at 88' for 80 min. at which time it was placed on a shaker at the same femperature for 7-18 hr.
A second method for obtaining phage stocks was used for two phages (A-24, A-41). These phages were assayed by the overlay method and the plate from the highest dilution which showed almost complete lysis was selected. The soft agar layer was scraped from the plate and placed in 7-5 ml. Nf media. After overnight extraction at 4', the agar was removed by filtration through cheesecloth, and the bacterial debris sedimented at low speed in a centrifuge. The supernatant fluid was assayed, and the process repeated until no further increase in phage titre was observed. At this time, a larger quantity of phage stock was obtained by preparing 10-20 plates at the phage dilution which gave complete to partial lysis. Following propagation, phage preparations were stored overnight at 4' to allow debris to settle out. The supernatant fluids were decanted, centrifuged at 700 rev./min. for Somin. and passed through a membrane Alter (Millipore, 047mm). The phage filtrates were stored at 4'. Preparation and assay of mtiphage sera. For the initial series of immunizations, rabbits were immunized subcutaneously with 5 ml. phage filtrate at &day intervals until a series of six injections had been administered. The animals were then bled J. T. DUFF AND 0. WYSS at either4 or 15 days followkg the last injection. Booster immunizations consisted of two 5.0 ml. subcutsmeoust injetions given 5 days apart and for the majority of the phqes were adminiS2;ered 1 month following the last injection of the initial series. All sera were collected in the usual manner and stored at -20" without preservative.
The rates of inactivation of the various azotobacter phages by their homologous and heterologous antisera were determined by the following procedures. All dilutions were made in Nf . Stock phages were diluted to contain approximately 108 to 10Q plaque-fonning unit9lml. (the tern 'plaque-forming units' is hereafter referred to as 'PFU'). The stem were diluted to a concentration determined by preliminary tests which permitted approximately l-lOyo survival of the PFU after sera and phage dilutions were mixed and incubated a t 87" for 6-10 min. Phage and serum dilutions were preheated to 87" in a water bath. A t time zero, 5.0 ml. phage dilution were added to 5.0 ml. serum dilution, and a t specified time intervals 0.1 ml. samples were removed and mixed with 9-9 ml. Nf medium. The initial l / l W dilution was sufficient to stop the neutralizing action of the antisera. Dilutions within the range required were Made to detect phage survival by the plaque count method. Plating was done in duplicate by the overlay method in the usual manner.
A phage control cont&ing 5-0 ml. Nf medium instead of immune sera was run simultaneously and served as a basis for determining yo survival of phage. The results of the assays of surviving phage of each neutralization were plotted on a logarithmic scale against time on a linear scale. A straight line was drawn through the points, and the K value determined (Adam, 1959) .
Neutralbat&.m tt?echs4w. Cross-neutralization assays with the various azotobacter phages and antiphage sera were carried out in accordance with the following procedures. All antisera were used a t a final dilution of 1/200 except antiserum A-41, which was used at a final dilution of l/lOO. Three ten-fold serial dilutions were used for each phage and the dilutions were calculated so that the middle dilution would provide approximately 100 PFU/ml. in the h a 1 dilution. Dilutions of phage and antisera were made in Nf medium minus carbon source. Equal quantities of the various phage dilutions and antisera dilutions were mixed and incubated in a water bath at 3 7 ' for 80 min. T w o controls were run simultaneously : one contained Nf medium instead of antiserum, the second contained normal rabbit serum a t the same dilution as the immune sera. Following incubation, the assay tubes were placed in an ice water bath, and samples were plated by the double agar layer method in the usual way. Plaques were counted and a comparison made between the controls and immune sera. Approximately 100-150 ml. agar medium was used for the basal layer, and 10 ml. was used for the soft agar layer which contained 0-5 ml. of a bacterial suspension. Young broth cultures of azotobacter strains were centrifuged, washed, resuspended in water and standardized to a reading of 40 units on the Klett-Summerson photoelectric colorimeter (blue filter) with the exception of the A. macroc2/togepze8 strains which were standardized to 60 units. The plates were subdivided into 20-25 squares, and dilutions of the phages ranging from 1/10 to l/lOO,OOO were pipetted in 0.02 ml. amounts on to the top layer of agar. Following absorption of the phage suspensions, the plates were incubated a t 88' for 18-24 hr.; the time depended upon the growth rate of the various strains.
RESULTS

Isolution of phage from soil
Preliminary experiments indicated that the natural azotobacter flora present in the soil samples under investigation would serve as the enrichment strains and that addition of laboratory cultures of the bacteria to the culture medium was not necewsary. Soil samples were obtained from various geographical localities, and phages were isolated according to the procedures described in the previous section. The results of the isolation experiments are presented in Table 1 . By these procedures, phage titres ranging from 106 to 109 PFu/ml. were obtained, and on the basis of plaque morphology, nine different phages were isolated and purified by M h e r single plaque selection. From three of the soil samples two &tinct phage isolates were made, whereas the remaining samples appeared to have homogeneous plaques.
Plaqw morphology In the selection of plaques during the purification of azotobwter phages by singleplaque selection, an attempt was made to select plaques of extreme size, for example, minute or large; plaques with small clear areas and wide turbid halos; or plaques with large clear areas and small halos. Photographs of the plaques produced by the azotobacter phages are shown in P1.1, figs. A-I, and a description of the plaque size is presented in Table 2 .
The host strain for these studies was Axotobacter vinehndii 0, and the plating conditions were the same as those previously described. The plaques consisted of a central clear area surrounded by a halo and ranged in size from 1 td 7 mm. in diameter. This halo was present even in very small plaques in which the central J. T. Ihnw AHD 0. At early readings this plaque no. 41 gave the appearance of not having a halo; however, when the plates were refigerated overnight, a more pronounced halo was observed. This observation was also true for the minute plaques of phages A-12 and A-14.
Propagation of phage8
Although optimum conditions for maximum phage titre were not determined, high-titre phage stocks were prepared from the original phage (A-11) and eight of the newly isolated phages according to the methods described in the previous section. The results of a propagation experiment are presented in Table 8 . The Azathetm u i~~&~d i i strain 0 was used at a concentration of 8 x lo7 viable organismlml. and the ratio phage:orgdsms at the start of the experiment was approximately 1 : 1. F a the majority of the phages, 5al titre of los PFU/ml. was
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achieved. Four of the phage preparations showed complete lysis of the bacterial culture after incubation on lhe shaker €or c. 7 hr.; for the remaining preparations an arbitrary incubation time of 18 hr. was selected. With the majority of the azotobacter phages a considerable amount of bacterial debris remained after lysis. Two of the azotobacter phages (A-24, A-41) were not successfully propagated according to the above methods; therefore a modification of the agar layer technique was used. By these procedures, the highest titres obtained for phages A-24 and A-41 were 5x108 and 6x10' PFU/ml., respectively. All phage preparations appeared stsble following Millipore filtration and storage at 4' with the exception of phage A-11; however, non-filtered preparations of this phage appeared to be stable.
Serological classi,fication
The cross-neutralization data (Table 4) indicated that the phages formed four main serological p u p s ; p u p s one and two contained four phages each, and groups three and four contained one phage each. Although antiserum against phage A-24 was not prepared, this phage was neutralized by the available group two antisera. On the basis of these data, the following serological p u p s for the azotobacter phages are proposed and will be referred to in subsequent discussions: group I (phages A-11, A-12, A-13, A-14); group I1 (phages A-21, A-22, A-28, A-24); group 111 (phage A-81); p u p IV (phage A-41).
KineCs of phage neutralization
The neutralization rate constants of the various phages by their respective homologous antisera are presented in Table 5 . Since the K value is a characteristic of the particular lot of serum used, the serum data have been included for reference purposes. The phages were neutralized by dilutions of homologous antisera ranging from l/soO to 1/5000, and the K values ranged from 18 to 1917. As reported for other phage systems, the azotobacter phages Mered greatly with respect to their rates of reaction with homologous antisera. As a group, the phages belonging to With phages A-12 and A-31 neutralization by homologous antisera did not follow first-order reactions. In order to determine the degree of relatedness among the phages of serological group 11, neutralization curves were determined for three of the phages using homologous and heterologous antisera (Figs. 5-7) . The K values for the homologous and reciprocal mutr&aations are presented in Table 6 . The rate of neutralization was greater with homologous phage and antiserum than with the heterologous system, except with antiserum 21 where the neutralization rates for phages A-21 and A-23 were the same. These data indicated that antigenically phages A-21 and A-23 were either very closely related or identical. This conclusion was substantiated with antisera A-22 and A-23. In addition, these data showed that the degree of relatedness of phage A-22 to the other two phages was more distant than the relationship between phages A-21 and A-23. Preliminary investigations have been conducted on the degree of relatedness among the serological group I phages. Kinetic c m e s of neutralization using heternlogous antiphage sera were not determined for these phage + serum systems;
instead, an arbitrary end-point waa used, namely the % of the initial phage population which survived after contact with serum at a stated concentration and for a specified time. The procedures were essentially the same as those described for the kinetic studies of phage neutralization except that only one time period was used to assay for phage survival. The time of assay varied with the antisera and was as follows: 5 min. for serum A-12, 10 min. for serum A-18, 6 mh. for serum A-14. The final dilutions of sera were 1/200 for A-12,1/2000 for A-18 and 1/5ooO for A-14. All phages were diluted to contain approximately l@ PFU/ml. Table 7 shows the % survival of serological group I phages after neutralization by homologous and heterologous antisera. With serum A-12, % survival was essent i d y the same for phages A-12 and A-14 and greater for phage A-18. The results obtained with serum A-14 were similar to those observed with serum A-12. Serum A-18 inactivated its homologous phage more rapidly than either of the heterologous phages. These data indicated a close antigenic relationship between phages A-12 and A-14. In other experiments, not shown here, serum A-18 neutralized phages A-11 and A-18 at approximately the same rate, indicating a close relationship between these two phages. With phage A-11 it was important to use a newly produced phage stock. Cell-free filtrates of this phage lost their infectivity rapidly upon storage and older preparations sometimes showed a n o d o u s neutralization patterns.
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Host specificity assays were u t u k k k n for the purpose of defining further the identity of the phsges and also tn m e e r t h the range of host infectiveness. Two of the phages, A-21 and A-28, were shown to be either identics1 or closely related by sperological methods and it was of hterest to compare their host-range specificity reactions. These data are pl"esented in Table 8 and it may be observed that both phages gave identical results. Since it appeared that these two phages were identical, further studies on host-range speciscity included only one of these phages, namely A-21. Table 9 shows the lytic action of eight phages for 12 strains designated Aaotobacter z k e k n d i i .
A. &dun&
strains, except 7484, were lysed by one or more of the phages. The strain not l y d by the phages appeared to be a typical member of this species. The phages classified as serologicd group I (A-11 to A-lQ), showed identical -host range speciscity with the exception of phage A-12 which did not form plaques on strains K and 7496. The phages of serological group 11, A-21 and A-22, showed identical host range specificity. The lack of lytic action of phage A-22 on several strains was not considered a major difference, since plaque formation with phage A-21 was not observed on the same strains. In addition, the phages of serological group I appeased to be more specific for the A. vilzehradii strains than the phages of serological p u p 11. One strain, 12837, was not lysed by any phage of group I but by both members of group 11. Phage A-81, the only member of serological group IIX, showed plaque formation on the same five strains identifled with serological p u p 1 1 phages. Phage 41, the only member of serological p u p IV, differed from the other three groups, and especidy from p u p 111, by formation of plaques on strain 9046 and its lack of lytic action on strain 12887. It may be noted that phage A-411 was the only phage to show plaque formation on strain 9046. Table 10 shows the lytic action of eight phages for 25 strains of Axotobacter chroococcum. Five of these strains, listed in the notes beneath Table 10 , showed neptive reactions with all phages. Six additional strains showed non-specific lysis; that is, plaque formation was not observed. With the A. chroococcum strains, the problem of rapid growth and abundant slime production was encountered and plaque formation mightlhave been missed. For example, strain F did not show plaque formation after incubation for 20 hr. at $ 3 ' . However, when the plates remained at room temperature during the next 12 hr., plaque formation was observed at c. 28 hr., but plaques were covered over by the growth of organism and slime formation at c. 32 hr. The phages of serological p u p I showed a few differences. The b k of okmr~ed plaque formation with these phages could be due to a c o m b b~t i~n of poor plaque lyKIFphology shown by these p h a p and the slimy, rapid growth of the strains. Further testing is warranted to determine whether these differenca are valid.
A summary of the host-range specificity reactions is presented in Table 11 . Only those lytic*rewtions where plaque formation was observed were included. None of the phages lysed any of the six strains designated Azotohwter ugilis, the three strains of A. macrocytogePzes or the two strains of A. insdpe. Phage sensitivity of the A. idW strains was difficult to assess because of their slow growth and copious formation of gummy material. However, preliminq studies indicated that these strains were not lysed by any of the phages. * Only lytic reactions where plaque formation was observed are included.
DISCUSSION
The methods described for the isolation of the azotobacter phages are of special interest since they utilized the natural azotobacter flora for the enrichment strain rather than the usud addition of bacterial cultures. Although the majority of the soil samples were from various parts of Texas, phage isolates were made from Ohio and Maryland soils, indicating that the azotobacter phages are not confined to any particular geographical area of the United States. The fact that the phages from the Ohio and Maryland soils were antigenically related to phages isolated previously from Texas soils may indicate that the number of serological groups is not great. The four serological groups found thus far for the azotobacter phages are comparable to the number of groups reported for other phage systems.
The plaque morphology observed with the azotobacter phages differed markedly from that seen with the coli phages and many other phage systems; however, it resembled most closely the plaques formed by phage Kp which lyses KZeWWa pneununaiac type 2 (Park, 1956). The plaques formed by phage Kp were surrounded by trsnslucent halos whjch IJradua\uy increased in diameter over the course of a week. It was demonstrated that a diffurribleenzrymewasliberatedduringlysisof theinfected host cell, and that the enzyme was responsible for the large spreading halo that surrounded the phage plaques (Park, 1956; Adsms & Park, 1956). It was believed that the enzyme decreased the viscosity of the capsdm polysaccharide and stripped it from the surface of the bacterium, thus permitting the phage to penetrate the host cell surface.
'Rie azotobacter phages produce plaques with halos, and since the A2otobacteT vhdmdid 0 organism am capsulated, it is possible that a similar enzyme is present in the 'azotobaater+phage system and might account for the observed plaque morphology.
The most widely applied of the taxonomic criteria recommended for defining the species CazegOry in bacteriophages is serological relationship (Adams, 1959) . Therefore primsry emphasis was placed on serology in classifying the azotobacter phages. Cmss-neutdization assays indicated four serological groups for the 10 rrzotobacter . phages in the present collection. These p u p s were designated I, 11, I11 and IV.
The individual phages were given numbers preceded by the letter A which stands foz the genus Amtobader. We propose that the phages within a serological group be assigned numbers in the foflowbg manner: 11-19 for group I, 21-29 for group 11, 81-89 for p u p 111, and 41-40 for p u p IV. The purpose of using this range of numbers is to pennit the incorporation of future phage isolates into any one of the present serological groups. In addition, it allows for inclusion of new serdogid p u p s (V, VI, etc.).
The kinetic studies on neutralization of phage with homologous and heterologous antisera indicate that phages A-21 and 28 in serolo@cal group I1 are identical or very closely related. These two phages are similar by plaque morphology and showed identical host-range specificities. If future investigations on additional classifiestion criteria substantiate these findings, it is recommended that one of these two phages be dropped from the present series.
With phages A-12 and A-81 neutralization by homologous antisera did not follow first-order kinetics; however, such anomalous neutralization behaviour has not been uncommon with other phage systems. hdrews & Elford (1988) noted that neutralimtion of their phages proceeded rapidly until 90-99% of the phage was inactivated and then slowed rather abruptly. They demonstrated that this phenomenon was not due to exhaustion of antibody since upon removal of phage the remaining serum was still capable of neutralizing phage. They subcultured plaques Qf phage particles which survived the neutralization experiment and showed that these were susceptible to antiphage serum neutralization and also exhibited similar anomalous neutralization behaviour. Delbriick (1945) observed a similar phenomenon with the T1 coli phage and suggested that antibody might be attaching itself at sites on the phage where it would not interfere with infectivity. Hershey & Bronfenbrenner (1962) believed that these anomalies might be due to an uncontrolled behaviour of complement. Thus, it is not clear whether the neutralization anomalies me a result of inherent heterogeneity of phage preparations or to the properties of specific lots of sera. 
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A. e l k tested were lysed by any of the phages. Also, the strains designated A. macrocytogms and A. i&gne, which in many respects are s h & r to A. a&& cultures, were not lysed by any of fie p-ent phages. Since the A. &Zh cultures have a distinct quatic distribution and have never been isolated with certainty from the soil, it @ possible that phages for them strains do not exist, or are rarely present, in the soil. Also, in the described phqp isolation procedures the indicator strain used was a culture of A. V%mlamiii, a s M n wudy isolated from the soil. An exhaustive search for phages which lyse A. cagilis stmias using this culture as an indicstor strain has not been made. 
